Abstract
Background. Fabry disease, an X-linked lysosomal storage disorder caused by deficiency of α-galactosidase activity, is associated with progressive loss of kidney function. This study was undertaken to characterize Fabry disease among patients who reached end-stage renal disease. Methods. Data from 2712 patients in the Fabry Registry were analysed to identify clinical characteristics of patients who received renal replacement therapy (RRT) during the natural history period (i.e. prior to any enzyme replacement therapy). Results. A total of 213 patients [186 of 1359 males (14%) and 27 of 1353 females (2%)] received RRT at a median age of 38 years in both males and females. Males who received RRT were diagnosed at a median age of 35 years, compared to 23 years for non-RRT males. Sixty-one males and 10 females were not diagnosed with Fabry disease until after they had received RRT. Compared to other Fabry Registry patients, a higher percentage of RRT patients also experienced either a serious cardiovascular event or a stroke. Ninety-two of 186 males who had RRT (50%) experienced a cardiac event or stroke, compared to 230 of 1173 non-RRT males (20%). Ten of 27 RRT females (37%) had experienced a cardiac event or stroke, compared to 226 of 1326 non-RRT females (17%). Patients who had RRT experienced cardiovascular events and strokes at earlier ages than did patients who had not received RRT, and most received RRT before having a cardiac event or stroke.
Introduction
Fabry disease (OMIM #301500) is an X-linked lysosomal storage disorder caused by deficient or absent activity of the lysosomal enzyme α-galactosidase A. Insufficient activity of this enzyme causes the accumulation of glycosphingolipids with terminal α-galactosidic linkages, particularly globotriaosylceramide (GL-3), in various tissues and cell types [1] . Over time, this progressive accumulation of glycosphingolipids is associated with impaired organ function. The initial manifestations of classic Fabry disease, including neuropathic pain in the extremities, hypohidrosis, angiokeratomas and gastrointestinal discomfort, typically appear during childhood. Later in life, many patients develop life-threatening complications, including chronic kidney disease (CKD) progressing to end-stage renal disease, cerebrovascular disease and heart disease. While the signs and symptoms of Fabry disease are generally most severe among hemizygous males, many heterozygous females also exhibit serious clinical manifestations [2] .
Progressive renal dysfunction is exhibited by both males and females with Fabry disease [3, 4] , and those who develop kidney failure require renal replacement therapy (RRT), either in the form of chronic dialysis or a kidney transplant. In 2001, enzyme replacement therapy (ERT) with recombinant human α-galactosidase became available to treat Fabry disease [5, 6] . ERT effectively slows the progression of Fabry nephropathy, and it is most effective in Fabry patients who are in the early stages of kidney involvement [7] [8] [9] [10] . Unfortunately, many patients have progressed to kidney failure, some before being diagnosed with Fabry disease and/or before ERT became available. Clinical characterization of Fabry patients who receive RRT will provide a better understanding of the progression and burden of disease in these patients.
Materials and methods
The Fabry Registry is an ongoing, observational database that compiles clinical and laboratory data on patients with Fabry disease. The Fabry Registry began enrolling patients and collecting data in April 2001. As of May 2, 2008 , the Fabry Registry included 2712 patients with known ERT status. All patients with Fabry disease are eligible for enrolment regardless of age, gender, symptoms or whether they are receiving ERT from any commercial source. Patient and physician participation is voluntary. All patients provide informed consent through local Institutional Review Boards/Ethics Committees. Treating physicians determine the actual frequency of assessments according to patients' individualized needs. A schedule of recommended clinical assessments is available at http://www.fabryregistry.com. Given the voluntary nature of reporting data, patients' ages at clinical assessments and time intervals between assessments are variable. Data collected by physicians or their designees are submitted to the Fabry Registry for central processing. The data are reviewed for missing data points, incomplete information and discrepancies with previously submitted data. Designated 'cutoff' values are used to identify any reported dosing or laboratory data that are clearly erroneous (i.e. incompatible with attainable ranges), and these data are not included in the summaries of dosing and laboratory parameters. All data management and analysis occur in a validated computing environment.
RRT was defined by the Fabry Registry criteria as either receiving chronic dialysis (≥40days) or receiving a kidney transplant. Cardiovascular clinical events were defined as myocardial infarction, arrhythmia, congestive heart failure, angina pectoris or significant cardiac procedures (e.g. pacemaker placement, bypass, stent placement, valve replacement, transplantation). Cerebrovascular clinical events were defined as stroke.
The Modification of Diet in Renal Disease (MDRD) simplified equation was used to estimate glomerular filtration rate (eGFR) from serum creatinine levels [11] . For patients ≤18 years old, the Schwartz formula was used to determine eGFR [12] .
Statistical analyses
The Wilcoxon two-sample test was used to compare median age at diagnosis between patients who had RRT versus those who did not. The Kaplan-Meier method was used to calculate the age at which patients first experienced serious cardiovascular events (as defined below) or strokes [13] . Statistical analyses were performed using SAS statistical software version 8 (SAS Institute Inc., Cary, NC).
All Fabry Registry patients who had data available during the natural history period (i.e. prior to any ERT) were included in these analyses. Patients for whom ERT status was unknown (2% of all patients enrolled) were excluded from these analyses to ensure that all data were obtained prior to initiation of ERT.
Results
As of May 2, 2008, 186 of 1359 males (14%) and 27 of 1353 females (2%) in the Fabry Registry had received RRT during the natural history period. As shown in Table 1 , 132 patients had received a kidney transplant, including 116 of 186 males (62%) and 16 of 27 females (59%). A total of 156 males (84%) and 18 females (67%) had received chronic dialysis, most of whom had hemodialysis. Eighty-six of 186 males (46%) and seven of 27 females (26%) had received both chronic dialysis and a renal transplant. Four males and two females received two kidney transplants.
The median age at first RRT was 38 years among both genders (Table 2) . Males who received RRTwere diagnosed at a median age of 35 years (Table 2) , as compared to a median age of 23 years (N = 1156, range 0 to 81 years) among males who had not received RRT (P < 0.0001). There was no significant difference in median age at diagnosis among females who had RRT (35 years) versus females who did not have RRT (33 years, N = 1267, range 0 to 81, P = 0.23). A substantial proportion of patients (33% of males and 37% of females) were not diagnosed with Fabry disease until after they had received RRT. Thirty-five of the 213 Fabry Registry patients who received RRT had died as of May 2, 2008 , including 32 of 186 males (17%) and 3 of 27 females (11%). The median time from first RRT to death was 11 years in males and 6 years in females. These and other demographic data are summarized in Table 2 .
As shown in Figure 1 , most patients received their first RRT between the ages of 25 and 45 years. Twenty-one of 213 patients (10%) received RRT before the age of 25 years, including four males and one female who required RRT during their teen years (ages 14 to 19 years). The incidence rates of first RRT in all 2712 Fabry Registry patients in the natural history population are shown in Figure 2 . Within each age category, male Fabry patients exhibited a markedly higher incidence of RRT than females.
Among the 1359 males enrolled in the Fabry Registry, only 121 (9%) were over the age of 55 years at the time of these analyses.
A summary of patients' renal characteristics at baseline (i.e. patients' first available natural history data) and prior to RRT is shown in Table 3 . Ninety-six of 127 males for whom data were available (76%) had baseline eGFR values below 60mL/min/1.73m 2 . Among the 24 males for whom corresponding eGFR data prior to their first RRT were available, the change in eGFR over time was −7.6 mL/min/1.73m 2 /year. The median urinary protein ratio in males was 0.7 at baseline and 2.0 prior to the first RRT.
Twelve of the 15 females who had baseline eGFR data available (80%) had eGFR values below 60 mL/min/ 1.73m 2 ( Table 3 ). The eGFR slope from baseline to their first RRT was −5.4mL/min/1.73m 2 /year among the four females for whom corresponding eGFR data were available. Limited urinary protein data were available for females; the median ratio was 1.0 at baseline (n = 3). Compared to other Fabry Registry patients, more patients who had developed kidney failure and received RRT had also experienced either a cardiac event (as described in Materials and methods) or a stroke, as shown in Table 4 . Ninety-two of 186 males who had RRT (49%) had experienced a cardiac event or stroke, compared to 230 of 1173 non-RRT males (20%). Ten of 27 females who had RRT (37%) had experienced a cardiac event or stroke, compared to 226 of 1326 non-RRT females (17%). Kaplan-Meier estimates of time to first cardiac or stroke event among all untreated Fabry Registry patients show that patients who had RRT also experienced cardiac and stroke events at earlier ages, compared to patients who had not received RRT (Figure 3 ). The average age at which males received RRT was 39 ± 9.9 years (mean ± SD). The median age at which these males had a 50% probability of experiencing their first stroke or cardiac event was 49 years (95% confidence interval, CI: 47.8 to 51.3), which was significantly younger than that of Fabry Registry males who had not received RRT: 56 years (95% CI: 54.5 to 59.7), P < 0.001. The average age at which females received RRT was 40 ± 12.3 years (mean ± SD). The median age at which these females had a 50% probability of experiencing their first stroke or cardiac event was 57 years, compared to 67 years (95% CI: 64.7 to 68.9) for females who had not received RRT. This difference was not statistically significant (P = 0.16); a 95% CI was not calculated for females who had RRT, due to the small number who experienced cardiac or stroke events (10 of 27). In terms of current age, patients who had received RRT were substantially older than patients who had not received RRT (median 50 versus 36 years in males and 48 versus 43 years in females), as shown in Table 4 . A cause of death was reported for 24 of the 35 deceased patients who had received RRT. Fifteen of the 24 patients with a known cause of death died from cardiovascular events (63%), and four of 24 died from stroke (17%).
Among the Fabry Registry cohort, most RRT patients who had multiple serious clinical events received RRT before having a cardiac event or stroke. Fifty-nine of the 92 males (64%) and seven of the 10 females (70%) who had RRT in addition to a cardiac event or stroke received RRT before they had a cardiac event and/or stroke. Accordingly, 36% of males and 30% of females who had multiple serious clinical events had a cardiac event or stroke before they received RRT. Among males, the median time from first RRT to first stroke was 5 years (n = 19), and the median time from first RRT to first cardiac event was 6 years (n = 46). Among the small number of females who had other clinical events after RRT, the median time from first RRT to first stroke was 12 years (n = 2), and time from first RRT to first cardiac event was 3 years (n = 5).
The majority of patients [113 of 186 males (61%) and 17 of 27 females (63%)] received their first RRT prior to 2000, at which time ERT was not commercially available. Most of the Fabry Registry patients who received RRT were eventually treated with ERT, including 111 males (60%) and 14 females (52%). The median age at which ERT was initiated was 47 years for males and 46 years for females.
Preliminary analyses of genotype records in the Fabry Registry did not shed any light on the progression of Fabry nephropathy to kidney failure. There was no statistically significant difference at the age of first RRT between the following groups of mutations: point mutations (missense, Baseline is the first value available for patients during the natural history period. b Last available value up to 12months prior to patients' first RRT. c eGFR slopes were calculated for patients who had both a baseline eGFR value and one or more post-baseline eGFR values. nonsense); insertions/deletions; and intronic/splicing; no difference also between missense and nonsense mutations (Germain DP, Oliveira, JP; unpublished observations). Several patients who developed kidney failure had mutations that had previously been associated with mild or late onset disease, including: p.R112H [14] and mutations p. R118C, p.A143T, p.I317T and p.N215S [15] .
Discussion
Progressive loss of kidney function is a common manifestation of Fabry disease [3, 4, 16] , and many patients eventually develop kidney failure. Kidney transplantation is generally successful in patients with Fabry disease [17] [18] [19] , although transplanted Fabry patients remain at risk of serious cardiovascular events and/or cerebrovascular events [19] . To better understand the manifestations of Fabry disease among patients who have received RRT, we analysed clinical characteristics of patients in the Fabry Registry. Among the 2712 patients enrolled, 213 had received RRT during the natural history period (i.e. prior to any ERT), at a median age of 38 years. Males who had RRT were diagnosed with Fabry disease at a median age of 35 years, which was significantly later than males who did not have RRT (median age 23 years). Because of the retrospective nature of this study, this age difference could be simply explained by ascertainment bias, with improved awareness of and diagnostic testing for Fabry disease than was the case in the past. Median age at diagnosis was not substantially different between females who did or did not have RRT (35 and 33 years, respectively). Many patients were not diagnosed with Fabry disease until after they had received RRT (33% of males and 37% of females). The delay in diagnosis of Fabry disease for these patients may have played a major role in their progression to kidney failure.
The incidence of RRT was markedly higher in males than in females among all age groups. This was expected, as males generally experience more severe manifestations of X-linked disorders. The predominance of males who developed kidney failure compared to females is consistent with earlier reports [17, 20, 21] . Nevertheless, many heterozygous females develop Fabry nephropathy, and a subset of these obviously progress to kidney failure [2] [3] [4] . In fact, though fewer females required RRT, the median age at first RRT in females was 38 years, which is the same as the median age at first RRT in males.
Several limitations of theses analyses should be acknowledged and are shared by nearly all registry activities. A central laboratory was not used for laboratory or genetic testing; therefore, local laboratory results were entered into the registry. Entry criteria were defined by the Fabry Registry Boards of Advisors, but individual physicians were responsible for entering their own patients' data. More extensive diagnostic testing was not available to confirm the cause of kidney failure; it is possible that the five patients who received RRT before the age of 20 may have had other causes of kidney failure in addition to Fabry disease. Finally, the total number of subjects who developed end-stage renal disease might have been slightly underestimated, as patients must have received chronic dialysis for at least 40days before they were designated by the Registry as having received RRT.
Male and female patients who received RRT experienced more cardiovascular events and strokes than did other patients in the Fabry Registry. However, it is important to note that patients who had received RRT were substantially older than those who had not. As they grow older, some patients in the non-RRT group may eventually become RRT patients. The median age at which patients had a 50% probability of a first cardiovascular event or stroke was significantly lower among males who had undergone RRT (49 years), compared to other males in the Fabry Registry (56 years). No statistically significant difference in age at first cardiovascular event or stroke was observed between females who had RRT and those who did not. This age difference suggests that Fabry patients who develop kidney failure may have a greater burden of disease with higher prevalence of cardiovascular events than patients with Fabry nephropathy who had not yet required RRT. This may simply reflect ascertainment bias and the improving clinical recognition of Fabry disease since ERT became available. As in other forms of CKD [22] , it would not be surprising if Fabry patients with eGFR <45ml/min/1.73 m 2 have a higher incidence of cardiovascular events and death compared to those with milder Fabry nephropathy.
The majority of patients in this cohort (61% of males and 63% of females) received their first RRT prior to 2000, at which time ERT for Fabry disease had not yet be- , and data for patients who had not received RRT are shown in 'black'. Vertical dashed lines represent median age at which each group of patients had a 50% probability of experiencing a cardiovascular event or stroke.
come commercially available. Though the data included in these analyses were exclusively from untreated patients, data regarding the subsequent use of ERT were also collected. Many RRT patients eventually received ERT (60% of males and 52% of females); however, they had been untreated for most of their lives. Over the past decade, considerable progress has been made towards understanding Fabry nephropathy. It is now known that proteinuria is a key prognostic indicator for renal disease progression in patients with Fabry disease [8] [9] [10] 23] . Recommended guidelines have recently been established for treating nephropathy in adults with Fabry disease [24] . These include controlling proteinuria to <0.5g/day, controlling blood pressure and hyperlipidaemia and initiating ERT at the first sign of kidney involvement (or at the time of diagnosis for patients with little or no residual α-galactosidase A activity) [24] .
In summary, patients with Fabry nephropathy who develop kidney failure appear to have concurrent involvement of other major organ systems. Improved vigilance in this regard should reduce or postpone progression and need for dialysis or transplantation for patients with Fabry disease. Whether or not stabilization of kidney function with ERT and anti-proteinuric therapy will reduce the subsequent incidence of cardiovascular events is an important question that must be addressed in prospective analyses.
